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The Mejillones Peninsula is thought to have one of the highest rates of tectonic uplift along the active
convergent margin of northern Chile. We use exposure age dating from a ﬂight of well-preserved marine
terraces to determine the long-term tectonic history of the northern part of the Peninsula. Terrace ages
suggest the area is comprised of discrete crustal blocks with differing uplift chronologies. Periods of
uplift reaching rates of 0.60 ± 0.06 m/ka over the last ~480 ka are recorded on one block, a value that is
several-fold higher than is typical for the north Chilean coastline. Subsidence of an adjacent block is
suggested by the anomalously old ages of terraces currently close to sea-level, and by observations of
paleo-sea cliff warping and measurements of coastal sinuosity. Opposing crustal motion between
adjacent blocks is compatible with the formation of intervening normal faults and the hypothesis of
ongoing extension of the forearc. Comparisons with published data suggest a contemporaneous accel-
eration in uplift occurred throughout the Peninsula, with higher rates of mean uplift observed after
480 ka. A second, even more rapid period of uplift occurred sometime within the last 200 ka, most likely
40 ka ago. Uplift of the footwall due to downthrowing blocks on normal faults caused by crustal
extension may be one of the mechanisms causing the pulses of accelerated uplift rates of the Mejillones
Peninsula. Another hypothesis is an increase of subduction earthquake activity. Both hypotheses sug-
gesting a more general link to plate coupling and are not mutually exclusive.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The geodynamic evolution of topography, particularly in active
continental margins where deformation is driven by plate conver-
gence has been of broad interest in Earth Science disciplines for a
long time. Along thewest coast of South America, the subduction of
the oceanic Nazca plate beneath the continent generates large
megathrust earthquakes due to strong coupling (Gonzalez et al.,
2003), including the recent 2015 Illapel and 2014 Iquique earth-
quakes (Schurr et al., 2014), the 2010 Chile earthquake (Lorito et al.,
2011; Moreno et al., 2010) and the 1960 Great Chile Earthquake
(Barrientos andWard, 1990). Several recent studies along this coast
have used short-term measurements of interseismic andnie).
B.V. This is an open access article upostseismic surface deformation, for instance interferometric syn-
thetic aperture radar (InSAR) and Global Positioning System (GPS)
data, to document short-term macro-scale deformation (e.g. Bejar-
Pizarro et al., 2013; Loveless and Meade, 2011; Montesi, 2004;
Nocquet et al., 2014; Perfettini et al., 2010; Shirzaei et al., 2012).
However, the usefulness of this short-term data over timescales
long enough to represent ongoing deformation has yet to be fully
explored, in part because detailed chronologies for the timing of
vertical crustal motion over hundred thousand year timescales are
scarce and also in part because the short-term scale deformation
contains transient signals.
The need for quantitative estimates of uplift rates over the long-
term is particularly apparent in northern Chile/southern Peru,
where recently, Bejar-Pizarro et al. (2013) and Metois et al. (2014)
suggested a link between the degree of plate coupling and the
topography-forming, large-scale structures in the upper plate.
Several studies have attempted to constrain the long-term uplift ofnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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terraces carved into the bedrock during interglacial marine high-
stands may be subsequently abandoned because of uplift during
intervening sea-level low-stands (Lajoie, 1986). When the sea-level
drops during low-stands it can leave behind marine sediments
mantling the bedrock abrasion platforms. Provided tectonic uplift
rates exceed the rise of the next sea-level highstand, the wave-cut
terrace will have been lifted out of the surf zone (Bradley and
Griggs, 1976). Preserved marine terraces are thus useful geomor-
phic markers that document past vertical tectonic movements
(Alvarez-Marron et al., 2008; Darwin, 1846; Lajoie, 1986; Paskoff,
1977; Perg et al., 2001; Pirazzoli et al., 1993; Quezada et al., 2007;
Saillard et al., 2009).
Surface uplift is particularly well expressed in the conspicuous
peninsulas of the Chilean coast, including the Mejillones Peninsula,
Bahia Inglesa, the Altos de Talinay Peninsula and the Arauco
Peninsula in the south of Chile. Because these emerged topographic
features contain relevant information about the tectonics of the
Chilean coast and its link with the on-going subduction process,
several authors have tried to provide absolute numerical data using
marine terraces and paleo-shore lines to provide uplift rates. Ap-
proaches used have included: Strontium Isotope Stratigraphy
(Victor et al., 2011); Aminostratigraphy (Hsu et al., 1989; Ortlieb
et al., 1996c); Uranium Series Dating of mollusk shells (Ortlieb
et al., 1996b; Radtke, 1989; Victor et al., 2011); Ar/Ar Dating on
tephra (Ishman et al., 2003; Marquardt, 2005) and Electron Spin
Resonance dating (Radtke, 1989). In addition, analyses of cosmo-
genic nuclides, such as 21Ne or 10Be, have been shown to provide
robust age constraints on terrace formation (Quezada et al., 2007;
Saillard et al., 2009). The thin, but quartz rich sediment cover of
the bedrock terraces of Mejillones Peninsula, while unsuitable for
most dating techniques is ideal for cosmogenic 10Be dating.
Herewe present newages and tectonic uplift rates, derived from
cosmogenic 10Be exposure ages of well-preserved and previously
undatedmarine terraces in the northernmost part of theMejillones
Peninsula. We demonstrate that vertical uplift is locally counter-
balanced by subsidence linked to the activity of normal faults. This
ﬁnding is important to constrain how the Quaternary deformation
is taking place in this part of the Chilean coast. We consider the
relative vertical motions suggested by the age constraints and
supplement this chronology with observations obtained from
terrace mapping and calculations of the coastal sinuosity index. We
discuss our uplift rate results with regards to other studies of the
vertical motion of the Mejillones Peninsula and the surrounding
Chilean coast. In conclusion, we consider whether the anomalously
low plate coupling measured beneath the Mejillones Peninsula
over the short-term is also reﬂected by longer-term tectonic
processes.
2. Geological background
2.1. Structural setting
The Mejillones Peninsula located in northern Chile (~23S) is a
westward jutting promontory, extending up to 30 km from the
north-south trending coastline. It is known for having the highest
rates of Quaternary uplift along the northern Chilean coast, dis-
playing the greatest documented vertical displacement in the re-
gion (Gonzalez et al., 2003) and acted as a barrier for the 1877
earthquake, the 1995 Antofagasta earthquake, and the 2007 Toco-
pilla earthquake (Peyrat et al., 2010; Schurr et al., 2012) by blocking
their north-south propagation.
The large-scale structures of the Mejillones Peninsula are
dominated by NeS striking normal faults (Fig. 1), the most impor-
tant being those that control the topography of this peninsula: theMejillones Fault, the Caleta Heradura Fault and the Rinconada Fault.
These faults have accumulated vertical displacement greater than
500m since theMiocene (Gonzalez et al., 2003) and are responsible
for building the horst and graben dominated topography of the
Mejillones Peninsula. The Mejillones Fault and the Caleta Heradura
Fault displace alluvial fan deposits that indicate activity during the
Pliocene and Late Pleistocene (Cortes et al., 2012; Gonzalez et al.,
2003; Marquardt, 2005). The majority of the faults on the Penin-
sula are eastward dipping normal faults, with three exceptions to
this being the Morro Fault and the Jorgino Fault, which dip to the
west, and the Aeropuerto Fault, which is a left lateral strike slip
fault. The halfgraben of the downthrown block of the Mejillones
Fault is ﬁlled with Miocene-Pleistocene marine deposits. This fault
separates the Morro Mejillones Highlands in the west from the
basin in the east. This down going block forms a wide extended ﬂat
surface (Pampa Mejillones), where the upper most section of the
marine sediment inﬁll is formed by abandoned beach sediments
displaying preserved paleo-shore lines. The Pampa Aeropuerto in
the south of the Peninsula shows a similar morphological-
structural setting. Also here, a halfgraben of the downthrown
block of the Rinconada Fault separates the Morro Moreno Highland
in the west from a half-graben basin in the east (Fig. 1). Caleta
Herradura Fault limits the northern extension of this halfgraben
basin. Here, the downthrown block of the fault separates the Morro
Jorgino Highlands from the sedimentary inﬁll of the half-graben
that is ﬁlled with Miocene-Pleistocene marine deposits (Ibaraki,
2001; Koizumi, 1990; Niemeyer et al., 1996). These three faults,
together with the Jorgino Fault and theMorro Fault have resulted in
a horizontal extension of about 1200 m (4%) across the current
horizontal distance of 30 km (Allmendinger and Gonzalez, 2010).
Despite the downward displacement along the Mejillones,
Caleta Herradura and Rinconada Faults, paleo-shorelines, found on
the Pampa Mejillones and Pampa Aeropuerto, attest to the net
uplift of the hangingwall of these normal faults. Other geomorphic
markers that are indicative of the tectonic history of the peninsula
include abandoned marine terraces and abrasion platforms located
in the northwest (Morro Mejillones), in the west (Morro Jorgino)
and the south (Cerro Moreno) of the Highlands. Marine bioclastic
conglomerates overly abrasion platforms formed in granite and
metamorphic rocks (quartz-biotite schists) and are crosscut by
maﬁc dikes and quartz veins. The boundary of the two lithologies
strikes NNW-SSE parallel to the strike of a suite of normal faults
(see chapter 4.1.). Locally, alluvial gravels cover the marine con-
glomerates particularly at the foot of abandoned coastal cliffs. The
highest point of the northernmost tip of the Peninsula is on Morro
Mejillones at an elevation of 766m. North andwest of this peak, the
well-deﬁned series of marine terraces, dipping gently 2e4 to-
wards the west and extending up to 400 m above sea-level are the
focus of this study.
2.2. Published age and uplift rate constraints
2.2.1. The Mejillones Peninsula
A number of studies have placed constraints on the uplift history
of the Mejillones Peninsula, mostly using ages from raised marine
sediments of the pampas and the abandoned marine terraces. The
morphology of these terraces is generally well preserved due to the
persistence of the current hyper-arid climate over multi-million-
year timescales (Dunai, 2001; Garreaud et al., 2010; Hartley,
2003), with modern mean annual precipitation rates of only
3.9 mm/a recorded in nearby Antofagasta (Mather and Hartley,
2003). The onset of terrace preservation began in the late Plio-
cene (~3.25 ± 0.17 Ma), as constrained by an ash layer on the
highest terrace at around 580 m above sea level on the ﬂank of
Morro Mejillones (Marquardt, 2005). From the age of this ash layer,
Fig. 1. Main (right) panel shows an overview map of the Mejillones Peninsula with sample locations and ages from previous work and this study, as discussed in the text. The inset,
panel D, shows the location of the peninsula at the south American Plate and the Nazca subduction zone. Unidentiﬁed symbols are explained in panels A, B and C. Panel A eMap of
northern tip of the Mejillones Peninsula with sample locations of 10Be exposure ages from this study. Panel B e Map of Pampa Mejillones and Morro Mejillones. The amino-
stratigraphy measurement of Ortlieb et al. (1996b) is an age from nearby Hornitos, assigned to Pampa Mejillones based on similarities in a faunal assemblages found at both sites.
Panel C e Map of Pampa Aeropuerto. Note, locations of ESR and U-Series samples from Radtke (1989) are shown for reference but because of the methodological problems
highlighted in that study these ages are not reported. Locations of 10Be and OSL ages of displaced alluvial fans along the Mejillones fault from Cortes et al. (2012) are also shown and
suggest the more recent timing of local fault activity.
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(Marquardt, 2005).Victor et al. (2011) report a late Pliocene age
from Strontium isotope analysis of mollusks in a marine horizon at
410m, implying that uplift began shortly after 3.4Ma. At Juan Lopez
in the southernmost part of the Mejillones Peninsula,Radtke (1989)
used U/Th, along with ESR from three marine terraces, reporting
ages between 83 ka and 391 ka. While in the northern part of the
Peninsula at El Rincon,the same study tentatively suggested terraceages spanning a period from the last glacial maximum to marine
isotope stage (MIS) 9. However, Radtke (1989) notes methodolog-
ical problems probably inﬂuenced many of the ages, preventing
derivation of robust uplift rates. Similarly,Ortlieb et al. (1996b)
notes difﬁculties in assigning a chronostratigraphy to the Pampa
Mejillones and Pampa Aeropuerto because diagenetic uptake had
effected U-series samples and shallow burial had inﬂuenced ami-
nostratigraphy ages frommollusk shells. However, using molluscan
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(400 ka) to sites on both Pampas. U/Th measurements of mollusc
shells at another site on the Pampa Aeropuerto were measured to
be 282 ka ± 11 ka (Ortlieb et al., 1996b). To better resolve the uplift
history of the Peninsula as a whole,Victor et al. (2011) compiled the
ages from the above studies, along with several new results fromU/
Th and Strontium Isotope Stratigraphy of mollusk shells collected
from the Pampa Mejillones and the Pampa Aeropuerto. Based on
this compilation they suggest the uplift rate of the Pampa Mejil-
lones for the period 790 ka to 400 ka varies between 0.1 and 0.15m/
ka, followed by a higher and constant uplift rate of 0.5 m/ka after
400 ka. Gonzalez-Alfaro et al. (2015) report 14C and OSL ages of
between 46 ka and 31 ka for sediments of a low-lying marine
terrace in the bay of Pampa Mejillones and combine this with
differential-GPSmeasurements to suggest uplift rates for theMorro
Highlands over ~40 ka of between 1.5 m/ka to 2.5 m/ka. Over even
shorter timescales, ongoing deformation of the Mejillones Penin-
sula is evident; with coseismic uplift in response to the 1995
Antofagasta Earthquakemeasured using a variety of techniques and
ranging from 15 cm to 80 cm (Chlieh et al., 2004; Klotz et al., 1999;
Ortlieb et al., 1996a; Ruegg et al., 1996).
Investigations byMarquardt (2005) and Cortes et al. (2012) have
also provided insights into the more recent tectonic history of the
Mejillones fault using cosmogenic 10Be and combined cosmogenic
10Be and OSL, respectively, to constrain the timing and the rates of
fault displacement. Ages of abandonment for displaced alluvial fan
surfaces showed there was fault activity at ~35 ka and ~14 ka, with
the study by Cortes et al. (2012) characterizing an averaged steady
slip rate of 0.61 ± 0.26 m/ka over the last ~35 ka.
2.2.2. Northern chilean coast
Quaternary uplift rates along the coast of northern Chile
(18e25 S) typically range between 0.1 and 0.24m/ka (Victor et al.,
2011, and references therein). The uplift rate of 0.24 m/ka comes
from Hornitos (Ortlieb et al., 1996c), another well preserved suc-
cession of marine sediment covered terraces, located about 50 km
north of the Mejillones Peninsula. Ortlieb et al. (1996c) suggested
this rate of uplift has persisted for the last 330 ka using mollusk
aminostratigraphy and U-series studies. Regard et al. (2010) suggest
a somewhat more rapid uplift rate of between 0.25 and 0.3 m/ka for
the coast from 15S to 30S based on extrapolation of re-appraised
uplift rates of published marine terrace ages. On-the-other-hand,
an ash layer on the highest terrace at ~180 m has been dated us-
ing Ar/Ar to 2.0e2.6 Ma by Marquardt (2005). Although they pro-
posed the ash could have been a reworked deposit that originated
in a higher intermontane basin of the Coastal Cordillera, ﬁeld ob-
servations showing the purity of the ash layer and its position on a
morphological high make ﬂuvial transport from an intermontane
depression to the present site implausible. Thus this date suggests a
maximum Early Pleistocene age for the onset of terrace preserva-
tion at this location and would imply a long term uplift rate be-
tween 0.09 and 0.07 m/ka. About 400 km south of the Mejillones
Peninsula, cosmogenic 21Ne exposure ages of the upper terrace of
the Caldera-Bahia Inglesa area give an average uplift rate of
0.28 ± 0.02 m/ka for the past 860 ka years (Quezada et al., 2007).
About 800 km south of the Mejillones Peninsula, Altos de Talinay
exhibits a similar peninsulaebay topography to Mejillones, and has
an intervening north-south striking fault that separates the bay
from an adjacent highland to the west. Cosmogenic 10Be (Saillard
et al., 2009) and UeTh (Saillard et al., 2012) derived marine
terrace ages, following extrapolation to MIS according to Lajoie
(1986), provide highly variable uplift rates of the Altos de Talinay
Peninsula, which accelerate from ~0.1 m/ka to ~1.7 m/ka within the
last ~10 ka and decrease from ~0.8 to ~0.2 m/ka between 300 ka and
100 ka for the bay area. Saillard et al. (2012) proposed that thehighland and bay started with differing uplift histories but since
~230 ka ago they have risen as a single unit.
3. Methods
3.1. DEM production
The DEMwas produced using a stereo image set provided by the
high resolution satellite system GeoEye-1, with additional data
coming from the camera system used (RPC model). The image
recording was Oct. 29th 2013 with a ground resolution of 0.5 m in
the panchromatic band. The handling of the data, pre- and post-
processing, and derivation of a surface model was done using
ExelisVIS ENVI 5.1 with the DEM Extraction module. After
importing the data and calculating Tie Points to generate a correct
overlay between the two stereo images, Epipolar images and ﬁnally
a Digital Surface Model was generated. Typical settings were used
for the terrain situation of the research area. Post processing ﬁlter
methods to eliminate spikes and voids was done by using ENVI
DEM Editing tools. In addition a linear 37 m shift was calculated
from ﬁeldmeasurements and added to themodel. Thus, the relative
integrity of the model was not modiﬁed. The ﬁnal model was
resampled to a ground resolution of 1 m and converted to a ﬂoating
point grid.
Due to the lack of high accurate ground elevation data no exact
error of the model could be estimated. However, the error of such a
DEM varies over thewhole region because of the different quality of
the visible stereo images. Different publications have analyzed the
accuracy of DEMs derived from high resolution stereo images of the
GeoEye-1 sensor. Meguro and Fraser (2010) compared a GeoEye-1
Elevation Model against 115 high accurate DGNSS Ground Control
Points in a 16 by 16 km area of a Japanese test ﬁeld and calculated a
vertical RMSE of 0.78 m Tsanis et al. (2014) calculated with similar
techniques a vertical RMSE of 0.9m for a region in Greece. A vertical
error of around 1 m is assumed for this study.
3.2. Sample sites, marine terrace and fault mapping
In order to determine sampling sites wemapped 5 terrace levels
of the northernmost part of the Mejillones Peninsula (T1 to T5)
using the ~1 m Digital Elevation Model (DEM). During the terrace
mapping, paleo-seacliffs were identiﬁed as narrow steep features
and could be distinguished from fault scarps based on ﬁeld in-
spection. We also used the DEM and GoogleEarth maps to identify
faults, which were subsequently mapped in the ﬁeld. Alluvial fans
deposited at the base of the paleo-seacliffs were also mapped. El-
evations reported in the text for terrace levels are for the sites
where the cosmogenic 10Be sampling was undertaken, not the
mean terrace elevation.
Planar and low eroded interﬂuves are considered ideal sites for
cosmogenic 10Be samples (Fig. 2). A total of ﬁve sampling locations
were chosen; four along a transect between 25 m and 141 m
elevation encompassing T1, T2 and T5a, with two locations sampled
on T2 (T2a and T2b, Figs. 1 and 2B). Where viable locations along
the transect were absent, proximal sites were selected based on
elevation and preservation. The ﬁfth site, a second location on T5,
was sampled farther to the north where the terrace elevation is
different from the transect location height of T5 and increases to
288 m (T5b, Fig. 1A). The terraces along the transect are formed in
metamorphic rocks (quartz-biotite schists) and the single high
elevation terrace (T5b) in granite.
3.2.1. Sampled material and measurement
Cosmogenic 10Be is routinely measured in quartz. The presence
of well rounded quartz pebbles on the surface of the marine
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Peninsula is most likely due to wave action that dislodged rock
during coastal cliff retreat and then abraded the detritus while it
existed in the surf zone. On the basis of the short transport dis-
tances from potential source areas upstream, ﬂuvial induced
rounding of the quartz pebbles can be excluded. Sampling on each
terrace was restricted to planar, interﬂuvial surfaces that dip gently
seaward with an angle between 2 and 4 (Fig. 2). The observed
weathering contrasts and the common in situ ‘Kernsprung’ (inso-
lation weathering) of the mostly pure vein quartz pebbles (Fig. 3)
indicate a very stable surface with minimal lateral transport over
long periods. Sampling was carried out far from the alluvial fans
formed at the base of the paleoseacliffs so as to avoid sediments
that are unrelated to the original marine terrace formation. We
measured 10Be concentrations in 46 well rounded pebbles, eight to
ten samples from each site. The quartz pebbles were prepared as
AMS (Accelerator Mass Spectrometry) targets following the stan-
dard procedures outlined in Binnie et al. (2015). The targets were
measured at CologneAMS (Dewald et al., 2013), normalized to the
standards of Nishiizumi et al. (2007).
3.3. Exposure age and uplift rate determinations
Concentrations of 10Be (at/g) were determined following the
subtraction of reagent blanks prepared in tandemwith the samples
(see Table 1). Analytical uncertainties were calculated by adding in
quadrature the 1 s uncertainty of the AMS results of both the
samples and blanks and an assumed 1% uncertainty on the 9Be
carrier mass added to samples and blanks during processing.
Exposure ages are derived from the CRONUS-Earth calculator
version 2.2 (Balco et al., 2008), using the scaling factors of Dunai
(2001), which assumes the SLHL spallogenic 10Be production rate
in quartz is 4.43 ± 0.52 (Tables 2 and 3). Topographic shielding
factors for each sample site were measured in the ﬁeld. We
assumed a density of 2.65 g/cm3, a zero erosion rate for the pebbles
and employed the 07KNSTD ﬂag in the CRONUS-Earth calculator.
The assumption of negligible erosion appears valid given that
samples had typically retained smoothed rounded surfaces. In
those few cases where minor weathering was apparent it tended to
be on the order of ~1 mm, which would have little inﬂuence on the
ages we measured. For the calculation of the 10Be exposure ages
using the CRONUS-Earth Calculator we assumed that the exposure
started when the terrace was at sea-level and halved the current
sample elevation (Strobl et al., 2014). For the exposure age and
uplift rate calculations we used the elevations derived from the 1 m
GeoEye DEM (Section 3.1.).
3.3.1. Approaches for calculating uplift rates
Different approaches have been used to calculate uplift rates
from marine terrace ages (Regard et al., 2010). In some cases, the
age for a terrace surface is extrapolated further inland to the
elevation of the terrace shoreline angle and it is this elevation
which is used for the uplift rate calculation. Often, the shoreline
angle is buried beneath sediments, requiring borehole or seismic
data to reliably constrain its elevation (Lajoie, 1986). We use the
elevations of our sample sites, without extrapolation of the eleva-
tion to the proximal shoreline angle. This method is most suitable
for our study area because the well-developed alluvial fansFig. 2. Locations of all 5 sampling sites (from GoogleEarth and Bing Map). Sampling
sites were chosen on the basis of protection from external sources of sediments, dis-
playing minimum erosion and with no evidence of secondary sedimentary deposition.
Sampling site T1 is a local high and is isolated from external sediment sources by a
small depression. Sampling sites T2a, T2b, T5a and T5b are all planar interﬂuves.
Fig. 3. Marine abraded quartz pebbles with: A) weathering contrast and B) in situ
‘Kernsprung’ (insolation weathering). C) and D) represent the underside and topside,
respectively, of the same pebble, with wind polish and desert varnish apparent in D).
The weathering contrasts and the preservation of weathered Kernsprung fragments in
close proximity to each other indicate long-term surface stability and minimal hori-
zontal surface transport. The grid in the background of the pebbles has a spacing of
1 cm.
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Mejillones Peninsula make robust estimates of the elevation of the
shoreline angle beneath the sedimentary cover difﬁcult and prone
to error. In addition, a paleo-seacliff, and thus a paleo-shoreline
angle, does not exist for the highest terrace (T5b).
We calculate an uplift rate for the period that spanned the for-
mation of T1, T2, and T5a using a linear line of best ﬁt between
elevations and the derived mean ages. To estimate the uncertainty
we applied a simple Monte Carlo approach that regressed terrace
elevations and their mean ages. Ages and elevations for each
simulation were randomly selected from normal distributions that
are described by the values given in Table 2. The standard deviation
of the uplift rates from two million simulations was used. For the
case of T5b, where only one terrace is dated, we used the recent
sea-level as a modern datum to calculate a long-term uplift rate.
Uncertainties in uplift rates assume that the uncertainties in the
elevations of past sea-level highstands are ±15 m of the modern
sea-level (Fig. 4). This is deemed appropriate for the highstands of
the terraces we dated. Uplift rates prior to the formation age of T5b
were estimated using the difference in mean age and elevation of
T5b and the ash dated by Marquardt (2005) (Fig. 1A and B). The
uncertainties in the uplift rate between the present day and the
formation of T5b is estimated by adding in quadrature the 1s un-
certainty in the mean terrace age with an assumed 1s standard
deviation in modern sea-level of 15 m. The uncertainty in the uplift
rate estimated for the period between the formation of T5b and the
dated ash of Marquardt (2005) is derived by summing in quadra-
ture the age and elevation uncertainties, with an assumed 1s
standard deviation of 10 m for the elevation of the ash layer.
3.4. Coast indentation index measurements
The Coast Indentation Index (CII) is a semi-quantitative proxy
for the response of coastlines to vertical movements (Hoffmann
et al., 2013). Subaerial exogenic processes such as ﬂuvial incision
increase topographic relief (Anderson et al., 1999). In the case
where previously exposed coastal stretches are submerged below
sea level because of subsidence a higher coastline sinouosity is
predicted. In the case of uplift, coastlines are less sinuous(Hoffmann et al., 2013). The CII, as a measure of the grade of sin-
uosity of a coastline, was successfully used by Hoffmann et al.
(2013) to distinguish subsidence from uplift in coastal areas in
Oman. It is in principal similar to the sinuosity index applied in
studies of ﬂuvial channels (Miall, 2001), utilizing the ratio between
the length of a section of the coastline (L) to the straight line
(Euclidian distance D) between the ends of that section. The coast
indentation index (CII) is thus deﬁned as: CII ¼ L/D (Spagnolo et al.,
2008). A CII value of one would represent an entirely straight
coastline, with the value increasing as the shape of the coastline
becomes more sinuous, or fragmented.
Using the 1 m resolution DEM derived from GeoEye images
(Section 3.1.), we traced the outline of the coast around the
northern Mejillones Peninsula in ArcGIS 10 software and used the
CII tool (Rupprechter, personal communication) to calculate CII
values for the coast. For the coastline in our study area we deﬁned
an appropriate D value of 2 km, following Spagnolo et al. (2008).
This value is also applied by Hoffmann et al. (2013), who suggested
an ideal value of D is deﬁned when values for the CII show the
highest variance and lowest autocorrelation for all calculated
values of the coastline.
4. Results
4.1. Mapping of marine terrace, faults and coastline morphology
We identiﬁed 5 different terrace levels in the study area (T1 to
T5). All terraces display minor gullying which is most prevalent
towards the terrace edges. The terraces T1 to T4 have mean widths
of 400 m, becoming narrower towards the NE where the basement
lithology changes. In the area of the lithological boundary, terraces
T1 e to T4 are discontinuous and partly covered by minor alluvial
fans (Fig. 5A). The most elevated mapped terrace (T5) is the
broadest, with a mean width of 700 m. In the northeast, the
absence of higher terraces means T5 has no paleo-seacliff. Further
to the south, where T5 is bounded by an existing higher terrace, the
shoreline angle is entirely covered by alluvial fans. Over a length
scales of ~1 km, in the proximity of the lithological boundary, the
elevations of the terraces increase in a southwest to northeast di-
rection with a vertical offset of ~100 m (Fig. 5B). We identiﬁed at
least three groups of normal faults, which strike subparallel to the
Morro Fault NNW-SSE to NNE-SSW and dip 80 to the west. In the
northernmost part of the Peninsula we mapped a suite of normal
faults in the proximity of the lithological boundary. This set of
normal faults dissects all mapped terraces from T5 to T1, with a
total cumulative displacement of ~100 m. Approximately 1.3 km to
the south we mapped another group of normal faults that strike
NNE-SSW, dip 65e80 to the west and display a total cumulative
displacement of <50 m. The sinuosity of the coastline varies, with a
CII value of ~1.05 in the north that increases abruptly to as much as
2.59 along the coast (Fig. 6).
4.2. Sample ages and mean terrace ages
Individual sample exposure ages are shown in Table 2. Ideally
the exposure age of the individual pebbles should be equal to the
terrace age since it emerged from the sea. However, geological
process canmake the exposure age younger or older than the actual
age of the terrace. Unearthing of pebbles subsequent to terrace
formation, or pebble erosion results in ages which are then younger
than the real terrace age, whereas nuclide inheritance or transport
from higher locations results in exposure ages which are older than
the real age of the terrace.
Reoccupation of terraces previously formed but not yet sufﬁ-
ciently uplifted to isolate them from wave-action during
Table 1
Description of individual sample characteristics and AMS results 1s internal age uncertainties are taken from the CRONUS-Earth calculator. These represent analytical uncertainties only and are <4.2%. Reagent blank subtractions
from the samples comprise <1% of the total 10Be concentrations measured in each case.
AMS ID Sample ID Lat DD Long DD Elevation
(m)
Mean Sample
Thickness (cm)
Topographic
Shielding
10Be Concentration
(x103 at/g)
Concentration
Uncertainty 1s (x103 at/g)
s01613 MJ12B-1a 23.08591 70.578557 25 3.5 1.0000 817.6 28.1
s01614 MJ12B-1b 23.08591 70.578557 25 2.3 1.0000 976.8 33.7
s01615 MJ12B-1c 23.08591 70.578557 25 2.2 1.0000 898.4 31.2
s01616 MJ12B-1d 23.08591 70.578557 25 2.8 1.0000 996.3 33.9
s01976 MJ12B1e 23.08591 70.578557 25 1.8 1.0000 1204 42.5
s01977 MJ12B-1f 23.08591 70.578557 25 1.7 1.0000 862.8 32.0
s01978 MJ12B-1g 23.08591 70.578557 25 2.4 1.0000 842.6 30.6
s01979 MJ12B-1h 23.08591 70.578557 25 1.7 1.0000 834.2 31.6
s01980 MJ12B-1i 23.08591 70.578557 25 2.6 1.0000 903.8 33.4
s01085 MJ12-002a 23.061111 70.545972 63 3.0 0.9998 1240 42.2
s01086 MJ12-002b 23.061111 70.545972 63 1.3 0.9998 1628 55.9
s01098 MJ12-002c 23.061111 70.545972 63 1.8 0.9998 1136 39.7
s01087 MJ12-002d 23.061111 70.545972 63 3.0 0.9998 929.1 31.9
s01088 MJ12-002f 23.061111 70.545972 63 2.0 0.9998 1231 42.3
s01603 MJ12-002e 23.061111 70.545972 63 2.5 0.9998 1080 36.6
s01604 MJ12-002g 23.061111 70.545972 63 2.5 0.9998 1178 39.7
s01605 MJ12-002h 23.061111 70.545972 63 1.5 0.9998 1200 40.8
s01606 MJ12-002j 23.061111 70.545972 63 1.3 0.9998 1148 39.3
s01607 MJ12-002k 23.061111 70.545972 63 1.2 0.9998 1083 37.8
s01617 MJ12B-2a 23.061281 70.544432 77 2.6 0.9998 1118 37.8
s01618 MJ12B-2b 23.061281 70.544432 77 1.8 0.9998 899.8 30.7
s01619 MJ12B-2c 23.061281 70.544432 77 1.4 0.9998 1421 47.2
s01620 MJ12B-2d 23.061281 70.544432 77 1.8 0.9998 1337 44.7
s01986 MJ12B-2e 23.061281 70.544432 77 1.5 0.9998 1199 44.1
s01987 MJ12B-2g 23.061281 70.544432 77 1.3 0.9998 1117 43.2
s01988 MJ12B-2h 23.061281 70.544432 77 1.5 0.9998 1216 44.1
s01989 MJ12B-2i 23.061281 70.544432 77 5.0 0.9998 1097 51.4
s01089 MJ12-003a 23.064833 70.538583 141 1.8 0.9997 1699 58.0
s01099 MJ12-003b 23.064833 70.538583 141 1.4 0.9997 1539 52.7
s01104 MJ12-003c 23.064833 70.538583 141 2.0 0.9997 1555 52.0
s01105 MJ12-003d 23.064833 70.538583 141 1.8 0.9997 1555 52.5
s01106 MJ12-003e 23.064833 70.538583 141 0.9 0.9997 1847 61.6
s01608 MJ12-003f 23.064833 70.538583 141 2.0 0.9997 1607 54.6
s01609 MJ12-003g 23.064833 70.538583 141 2.0 0.9997 1420 48.1
s01610 MJ12-003h 23.064833 70.538583 141 1.3 0.9997 1406 48.4
s01611 MJ12-003k 23.064833 70.538583 141 0.9 0.9997 1723 61.3
s01612 MJ12-003l 23.064833 70.538583 141 1.1 0.9997 1479 50.3
s01114 MJ12-001b 23.046278 70.51125 288 1.9 1.0000 1534 53.1
s01115 MJ12-001c 23.046278 70.51125 288 1.8 1.0000 1793 62.3
s01116 MJ12-001d 23.046278 70.51125 288 2.5 1.0000 1641 56.7
s01117 MJ12-001g 23.046278 70.51125 288 1.5 1.0000 1337 50.8
s01981 MJ12-001e 23.046278 70.51125 288 1.5 1.0000 1253 45.3
s01982 MJ12-001f 23.046278 70.51125 288 1.3 1.0000 1291 53.7
s01983 MJ12-001h 23.046278 70.51125 288 1.3 1.0000 1278 48.8
s01984 MJ12-001i 23.046278 70.51125 288 0.6 1.0000 1205 56.7
* Elevations reported here are terrace elevations. Elevations that are used for the Cronus Calculator are discussed in the text.
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Table 2
Exposure ages were derived from the CRONUS-Earth calculator version 2.2 (Balco et al., 2008). We report our ages using the scaling scheme of Dunai (2001), which assumes a
spallogenic sea-level high-latitude production rate of 4.43 ± 0.52. A quartz density of 2.65 g/cm3 was used and zero erosion of the samples assumed. We applied the standard
pressure, std, ﬂag and AMS reference standard ﬂag of 07KNSTD. We assumed that the exposure started when the terrace was at sea-level and used half the current sample
elevation as input for the calculator. Exposure ages of all samples with outliers determined using Chauvenet’s statistical Criterion.
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Table 3
Sample site locations, cosmogenic nuclide ages and terrace characteristics. All
samples are collected from the surface. To account for time-integrated uplift the
production rates were calculated by halving the current altitude of the sample sites.
T2a and T2b is a single terrace. The combined sites (T2a/b) have an average elevation
of 70 ± 5 m and a mean exposure age of 350 ± 43 ka.
Terrace Elevation [m a.s.l.] Mean 10Be 1s (ka) No. of samples Block
T1 25 269 21 8 A
T2a 63 344 33 9 A
T2b 77 356 54 8 A
T5a 141 486 47 10 A
T5b 288 481 43 3 B
Fig. 4. Compilation of sea-level curves over the last 500 ka (Siddall et al., 2006). Above the s
Morro Mejillones are plotted. Odd numbers represent the marine isotope stages (MIS) of th
Fig. 5. A) Morro Mejillones (GeoEye DEM) showing mapped terraces and sample locations
northwestern part of the Mejillones Peninsula. The top of the modern cliff and the terrace ris
3D perspective GoogleEarth map (V.E. 3.0) of the block B shows the sample location T5b as b
for transport along the intervening narrow and undulating ridge. The region between th
approximate zone of separation of Block A and B. (For interpretation of the references to c
A. Binnie et al. / Quaternary Geochronology 36 (2016) 12e2720subsequent sea-level highstands would likely increase the scatter
of measured ages on a single terrace. To minimize the inﬂuence of
these biases on the terrace age, samples which deviate by more
than two standard deviations from the mean are rejected after
testing by Chauvenet’s statistical criterion (Taylor, 1997). As dis-
tributions of individual ages were dominantly unimodal for T1,
T2a, T2b and T5a, we ascribed the terrace ages to be the mean
value, following any rejections using Chauvenet’s criterion (Fig. 7).
The 10Be exposure ages of T1 yield a mean of 269 ± 21 ka after
discarding one sample (375 ± 15 ka). This decreases the mean
squared weighed deviation (MSWD) from 9.7 to 3.7. Due to theea-level curve the mean 10Be exposure ages and 1s uncertainties from dated terraces of
e interglacial periods with letters for corresponding marine isotope substages (MISS).
with mean 10Be exposure ages. B) 3D perspective GoogleEarth map (V.E. 3.0) of the
ers drop ~100 m in elevation within 1 km southwards from block B towards block A. C)
eing protected from mixing with pebbles from higher terraces due to the unlikelihood
e dashed lines (black on Fig. A, yellow together with arrow on Fig. B) indicates the
olour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. Map of the Coastal Indentation Index (CII) for the Morro Mejillones area derived
using the ArcGIS tool of Rupprechter (pers. communication). The radii of the circles
correspond to the Euclidean distance (D) that is 2 km in this study. The CII is deﬁned as
the ratio between the lengths of a section of the coastline (L) to the straight line
(Euclidian distance D) between the ends of that section: CII ¼ L/D. The color coding of
the coastline illustrates the values of the Coast Indentation Index. Note that less
sinuous coastline of the most northerly part of the Peninsula has the lowest values
(green, uplift), whereas further south we observe higher values (red, subsidence). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
A. Binnie et al. / Quaternary Geochronology 36 (2016) 12e27 21tight cluster of the single ages from T1 (most likely marine isotope
substage (MISS) 9a) a reoccupation during subsequent highstands
(e.g. MIS 7 and MIS 5) is very unlikely. T2a and T2b were originally
one terrace which has been offset by normal faulting, as indicated
by the similar exposure ages on either sides of the fault (possible
terrace formation duringMISS 9c) (Figs. 2B, 4 and 5 Tables 2 and 3).
T2b gives a mean age of 356 ± 54 ka. T2a yields a mean age of
344 ± 33 ka, after rejecting one much older sample (520 ± 21 ka),
reducing the MSWD from 15.9 to 7.4. Subsequent to formation and
due to the faulting, T2a was displaced downward relative to T2b by
8 ± 1 m. The difference in elevation of T2a and T2b is also due to
the gentle surface dip towards the sea. Because T2a and T2b were
dislocated after the terrace was abandoned we derive a single age
for terrace formation of 350 ± 43 ka by taking the mean of all in-
dividual T2a and T2b ages (labeled as T2a/b). The mean age of the
highest terrace of the chronosequence T5a is 486 ± 47 ka with a
MSWD of 5.7. The distribution of ages for T5b was bimodal, with
two distinct age clusters of 481 ± 43 ka and 345 ± 19 ka. These two
clusters of ages imply that samples from this site had different
exposure histories. Higher ages can occur if samples that were
originally exposed on an older terrace are transported to a lower
level. In the case of T5b, the relocation of samples from older
terraces is very unlikely as it would require transport of older
samples along a narrow, undulating ridge (Fig. 5B and C). Thus,
given that a source area for pre-exposed material is lacking, we use
the mean of the older cluster (481 ± 43 ka) with a MSWD of 4.7 as
the most robust age for terrace T5b. The younger ages of T5b are
most probably the result of exhumation by deﬂation subsequent to
surface exposure, that is, these samples are part of a lag deposit
and their age is a function of surface stabilization. Hein et al.(2009) showed a similar effect in exposure ages measured for
glacial outwash plains. Generally, older terraces display a larger
spread of individual ages than younger terraces. This supports the
notion that the scatter of ages from a single terrace is the result of
geomorphological processes that have had more time to act on
older surfaces. The mean age and standard deviation for each
terrace are shown in Table 3.
4.3. Uplift rates
The chronosequence deﬁned by the succession of terraces along
the transect (T1, T2 and T5a) displays a strong positive linear trend
between age and elevation. We note that, because T2a and T2b
were originally one terrace, we derive for the purposes of uplift
calculations a single, current average elevation for T2a/b of
70 ± 5 m. Thus, there is a period between 269 ± 21 ka and
486 ± 47 ka when evidently a relatively constant uplift rate per-
sisted. The uplift rate during this time span, as derived by the linear
best ﬁt to the three ages, is 0.53 ± 0.18 m/ka (Fig. 8). The average
long-term uplift rate of T5b for the last 481 ± 43 ka is 0.60 ± 0.06m/
ka (Section 3.3) and the uplift rate derived for the period between
the formation of T5b and the 3.25 ± 0.17 Ma old ash layer of
Marquardt (2005) is 0.11 ± 0.01 m/ka (Fig. 8).
5. Discussion
5.1. Evidence for discrete crustal blocks, uplift and subsidence
The agreement between the ages of T5a and T5b supports the
mapping of T5 as a single terrace, despite its northward increase in
elevation. We propose this difference in terrace elevation is due to
displacement caused by a set of intervening normal faults. The in-
ﬂuence of these faults can be detected by tracing the elevations of
the modern- and paleo-seacliffs, which rise towards the north. Our
mapping of this set of normal faults, as well as the mapping of the
Morro fault agrees with a recently published geological map of the
Peninsula (Di Celma et al., 2014).
The relative increase in elevation of T5b and the position of the
faults between it and the other sample sites suggests differing
tectonic histories between T5b and the transect sites, T1 to T5a. The
close agreement in ages of T5a and T5b suggests these terraces
were formed contemporaneously and thus experienced the same
initial 0.53 ± 0.18 m/ka uplift rate recorded by the transect samples,
before being vertically separated by faulting. The lowest terrace (T1,
25 m) has an age of 269 ± 21 ka. This relatively old age for a terrace
close to sea-level requires a change in the 0.53 ± 0.18 m/ka uplift
rate, suggested by the samples along the transect, at some time
between ~269 ka and the present. To prevent a reoccupation by the
sea, T1 must have been uplifted relative to that sea-level by at least
~15 m shortly after its formation (Fig. 4). To achieve this with an
uplift rate of 0.53 ± 0.18 m/ka requires ~29 ka. Thus, the uplift rate
estimate for the period between the present, and the time when
terrace T1 was elevated sufﬁciently above sea-level to prevent
reoccupation (~240 ka) suggests a maximum uplift rate for this part
of the Mejillones coast of 0.04 m/ka. This uplift rate over the last
~240 ka, is derived by considering that terrace T1 was elevated by
15 m 29 ka after its formation. However, the old age of T1, with its
close proximity to sea-level, leads us to propose that terraces T1 to
T5a may have instead undergone subsidence as a separate block
(block A) from T5b (block B) (Figs. 9e11). Geomorphological evi-
dence for subsidence comes from the reduction of the height of the
present seacliff as one follows the trace of the coastline from the
northern tip of the Peninsula southwest, past the mapped normal
faults, until it disappears below sea level (Fig. 5B). Additionally, the
CII value of the coastline on either side of the normal faults is very
A. Binnie et al. / Quaternary Geochronology 36 (2016) 12e2722different and changes abruptly from low to high values in a
southwesterly direction (Fig. 6). Coastlines that are submerging
below sea level, for example in response to subsidence, are pre-
dicted to have higher CII values than those that are being uplifted
(Hoffmann et al., 2013) implying that these blocks are indeed
experiencing opposing crustal motion. The main mechanism that
could control this subsidence is the propagation of several normal
faults, which have produced the vertical offset of the marine ter-
races. From the site T5b to the site T5a these normal faults have
produced a total cumulative vertical offset of ~100m. The rest of the
elevation difference between T5a and T5b can be explained by the
gentle slope of the marine terrace.
Similar rates of uplift estimated for block A and B during the
Middle Pleistocene suggest that during this period they uplifted
together as one block with the same uplift rate of ~0.53 ± 0.18 m/
ka. Based on the age of T1 it seems sensible to assume that this
period ended with the vertical separation of block A and B by the
intervening faults, hence, that the onset of subsidence began
sometime after ~200 ka ago (Figs. 9 and 11). This maximum age is
based on the idea that after formation of T1 an additional period of
uplift is necessary for the topography seaward of the terrace to
undergo sub-aerial incision and thus create the high CII values we
observe for block A. Assuming the uplift rate of 0.53 ± 0.18 m/ka
continued until 200 ka, the terrace T1 would be elevated sufﬁ-
ciently enough to prevent reoccupation during all subsequent
highstands (including the highest MISS 5e). If we suppose that the
fault initiation and separation of the blocks began 200 ka ago, the
uplift rate for block B for the last 200 ka would then have stayed
steady or increased slightly to a rate of ~0.68 m/ka and the sub-
sidence rate of block A over this period would have been ~0.06 m/
ka (Fig. 9). If the separation of the blocks and onset of opposing
vertical motion began after 200 ka (see Section 5.2), then the es-
timates for the rates of subsidence of block A and uplift of block B
will necessarily increase in order to meet the constraints placed on
them by the average uplift rate measured for T5b and the time
available for the block A sites to subside to their current elevations.
The ranges of possible block separation times versus rates of
subsidence of block A are shown by the different paths in Fig. 9 and
will be discussed further in the next section. While the un-
certainties for the rates of uplift and timing of block separation
constraining the scenarios depicted by Fig. 9 make resolute con-
clusions difﬁcult, there is, at least, strong evidence that normal
faulting has contributed signiﬁcantly to the topographic relief of
the northern peninsula.
5.2. Accelerations in uplift and the timing of rate changes
The long-term average uplift rate for the northern part of the
Mejillones Peninsula was previously derived from a single Ar/Ar
(biotite) date from an ash layer (3.25 ± 0.17Ma) in an alluvial fan on
the highest terrace at 580 m (Marquardt, 2005) (Fig. 1B; grey
pentagon). Based on this age alone, a long-term uplift rate of
0.18 ± 0.02 m/ka can be estimated. Assuming the Ar/Ar sample site
is located within block B, we can constrain the uplift rate between
3.25 ± 0.17 Ma and 481 ± 43 ka as being 0.11 ± 0.01 m/ka, followed
by an increase in the rate of uplift at ~480 ka to 0.53 ± 0.18 m/ka
(Fig. 8). Victor et al. (2011) reported similar uplift rates and a similar
timing in rate acceleration for the Pampa Mejillones. They derived
an uplift rate for the Pampa since ~790 ka of between 0.1 and
0.15 m/ka that accelerated at least 400 ka ago to a constant upliftFig. 7. “Camel plots”, showing distributions of 10Be exposure ages with internal un-
certainties of individual samples for each terrace. Outliers rejected using Chauvenet’s
statistical criterion are marked.
Fig. 8. Plot showing exposure ages against elevation for terraces T1, T2 and T5 and the
Ar/Ar age of an ash layer (Marquardt, 2005). Rates of uplift are given with 1s
uncertainties.
Fig. 9. Onset of the second period of accelerated uplift with uplift of block B and
contemporaneous subsidence of block A. Possible paths of block B after the onset of
block separation show uplift (red) and subsidence (blue). Paths start at sea level ~269
ka ago and end on the recent terrace elevation at 25 m (terrace T1). The subsidence
most probably started about 40 ka ago with a rate of 2.4 m/ka. Note that the rate of
subsidence is inversely proportional to the age of when it began; that is, more recent
ages for the onset of subsidence require more rapid rates. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 10. Interpretation of the uplift history of block A and B with paths showing the
time-elevation history of terrace T5. Yellow bars indicate the beginning of the two
periods of higher uplift rates at ~500 ka and ~40 ka before present. From left to right,
the plot shows the formation of T5 at sea-level ~480 ka ago, which is the beginning of
the ﬁrst period of a higher and uniform uplift rate of 0.53 ± 0.18 m/ka until about 40 ka
when the second period of higher uplift starts. This second period is coincident with
higher extension that generated a set of normal faults displacing the Morro highland
into block A and B. The uplift rate of the footwall (block B) accelerated to a mean of
1.31 m/ka, with the present terrace elevation of T5b at 288 m. Coinciding with the
acceleration in uplift of block B, block A begins to subside at a mean rate of 2.44 m/ka
until the present terrace elevation of 141 m. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 11. Block diagram shows the uplift of block A and B as a single unit (ﬁrst period of
higher uplift). The vertical separation must have occurred sometime between 200 ka
ago and the present and most likely at around 40 ka ago with subsidence of block A
contemporaneous with uplift acceleration of block B (second period of higher uplift).
A. Binnie et al. / Quaternary Geochronology 36 (2016) 12e27 23rate of 0.5 m/ka. For the Pampa Aeropuerto they report slower rates
and conclude uplift stagnation, or subsidence, due to the non-
preservation or erosion of terraces younger than MIS 9. While the
onset of possible subsidence of the Pampa Aeropuerto is hard to
constrain with the available ages, it presumably would have to
post-date the 282 ± 11 ka age derived for the youngest terrace
dated by Ortlieb et al. (1996b). The Pampa Aeropuerto forms part of
the hanging wall of the Rinconada Fault and we suggest that sub-
sidence in this southern part of the Mejillones Peninsula could be
controlled by the activity of this normal fault.
Key to the uplift and subsidence rates that we estimate for the
northern Mejillones Peninsula, is the timing assumed for the sep-
aration of crustal blocks A and B. The ages reported here and thegeomorphological evidence discussed above suggests this must
have occurred sometime in the last ~200 ka. Indeed, the idea that
the acceleration in uplift of block B started sometimewithin the last
200 ka is underpinned and can be even constrained as being ~40 ka,
by a recent study of Gonzalez-Alfaro et al. (2015). They report a
terrace age assigned to MIS 3 (40 ka) from the Bay of Mejillones,
Fig. 12. Map around the Mejillones intersegment showing the plate coupling distri-
bution inverted from cGPS and InSAR (modiﬁed from Bejar-Pizarro et al., 2013). Lower
values are apparent for the Mejillones Peninsula than for the adjacent coastline where
the isolines make an EW excursion. Red stars show epicenters of the 1995 Antofagasta
earthquake and the 2007 Tocopilla earthquake. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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displaced 20 m by the Mejillones Fault (Fig. 1). Assuming the MIS 3
global sea-level highstand estimates was 73 m below the present,
as is suggested by the records reported in Siddall et al. (2008),
Gonzalez-Alfaro et al. (2015) infer an uplift rate of ~2 m/ka
(1.5e2.5 m/ka) for the last ~40 ka.
Further evidence for a change in uplift rate at this time comes
from the ~35 ka age derived by Cortes et al. (2012) for the aban-
donment of fan surfaces crossing the trace of the Mejillones Fault a
few km further to the south. Cortes et al. (2012), proposed a slip-
rate of 0.61 ± 0.26 m/ka for the Mejillones Fault between ~35 ka
to ~3.3 ka. According to this slip-rate the Morro highland and the
Pampa Mejillones have been offset by ~20 m since ~35 ka ago,
which is in accordance with the 20 m of displacement on the
Mejillones fault for the lowest terrace of MIS 3 calculated by
Gonzalez-Alfaro et al. (2015). This rapid displacement rate and the
high uplift rate reﬂect the start of a second period of accelerated
uplift at around 40 ka ago that was more rapid again than the
preceding period and explains the elevation differences between
the Highlands and the Pampa Mejillones as being due to normal
faulting. Using 40 ka as the age for the activation of the fault
separating block A and B, we derive a subsidence rate of ~2.44 m/ka
for block A and an acceleration in uplift rate for block B to ~1.31 m/
ka (Fig. 10). Based on these estimates, the total amount of
displacement between block A and B is ~150 m, which agrees with
the vertical offset we measured during mapping (Fig. 5; Section
4.1.). In addition, if this interpretation is correct, any terraces on
block A that formed during sea-level highstands of MIS7 and MIS5
must now be submerged.
In summation, the contemporaneous change in uplift rates of
the Pampa Mejillones and in the northern Highlands, at approxi-
mately 400e480 ka ago, can be interpreted as the beginning of a
regional scale acceleration in uplift. A second increase in the uplift
rate of the northern Highlands took place when normal faulting
created discrete crustal blocks. Subsidence of the hangingwall
(block A) and a steady or a possible slight acceleration of uplift of
the footwall (block B) occurred sometime after 200 ka ago, most
probably at ~40 ka ago with an acceleration to an ~2.5 fold higher
uplift rate of block B, and point to a link between uplift and crustal
extension.
5.3. Variable uplift rates along the coast of northern Chile
Cosmogenic 10Be exposure dating of marine abrasion terraces
from the Altos de Talinay area (31S) indicate that marine high-
stands may reoccupy older terraces, removing the record of prior
highstands (Saillard et al., 2009). These missing marine terraces
related to MIS are observed for the location of Caldera-Bahia
Inglesa (Quezada et al., 2007) and are considered to result from
low uplift rates during these periods. The ﬁndings from Mejillones
Peninsula support this assertion, where terrace levels have likely
been submerged by subsidence. This calls into question the reli-
ability of simple terrace age correlations with odd MIS when dates
for individual terraces are absent. It is also apparent from the
above arguments that average, long-term uplift rate estimates may
mask periods of more rapid uplift that are balanced by subsidence.
Our results suggest that within the 0.18 ± 0.02 m/ka value for the
long-term uplift of block B, based on the dated ash layer of
Marquardt (2005) are relatively short-lived periods where rates
increase by an order of magnitude to 1.31 m/ka. Saillard et al.
(2009) report a similar ﬁnding from the Altos de Talinay area,
where a terrace age of ~100 ka predicts an uplift rate of 0.1 m/ka
but ages of 6 ± 1 ka from a lower terrace suggest a recent andmuch
more rapid uplift rate of ~1.7 m/ka. In addition, allocating ages
from a dated terrace to adjacent sites based purely on elevationmakes generalized assumptions regarding the spatial uniformity
of uplift rates. Such generalizations would be problematic for areas
like the Mejillones Peninsula, where we have observed adjacent
blocks experiencing differing tectonic histories. Such issues might
explain discrepancies such as that found by Leonard et al. (2014)
for the Morro de Copiapo terraces, ~400 km south of the Mejil-
lones Peninsula. At this site, Marquardt et al. (2004) assigned
MIS11 (430 ± 30 ka) ages to a terrace level following the approach
of Leonard et al. (1994), by using comparable heights and faunal
content of a nearby terrace in Copiapo dated with U/Th. Leonard
et al. (2014), instead dated corals using a multi-chronometer
approach to suggest a most likely age of >1 Ma. Depending on
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varies between ~0.3 and ~0.1 m/ka. However, limitations of U-se-
ries techniques have been noted by several authors (Leonard et al.,
2014; Ortlieb et al., 1996c; Radtke, 1989) and these are perhaps
producing, in some cases, inconsistent results. Despite the meth-
odological problems of making robust age determinations and
comparing uplift rates derived using differing approaches, it seems
quite clear that the rates of uplift along the north Chilean coast
show signiﬁcant variability. Peninsulas such as Arauco and Tongoy
show higher uplift rates relative to surrounding coastlines and
may exhibit evidence for subsidence due to normal faulting
(Melnick et al., 2012; Saillard et al., 2012). Our results from
Mejillones further strengthen the idea that the peninsulas have
uplift characteristics unlike the rest of the forearc.
5.4. Controls of uplift and the relationship to plate coupling
Using interseismic GPS-derived elevation data measured along
the northern Chilean coast between 2003 and 2009, Bejar-Pizarro
et al. (2013) have shown that there is a transition from a locked
to an unlocked subduction zone interface in a pattern roughly
coincident with the coastline and maximum topography. This is in
agreement with Metois et al. (2012) who found that narrow zones
of lower coupling are often associated with peninsulas and with
Victor et al. (2011) who suggested a link between a topographic
anomaly and plate coupling for the latitude of the Mejillones
Peninsula.
We would expect that the extension within the forearc takes
place east of the strong coupling where the strength of the plate
locking decreases. The pattern of coupling observed for the
northern Chilean coast by Bejar-Pizarro et al. (2013) shows that the
roughly north-south trending plate-coupling isolines make a pro-
nounced EeW excursion at the location of the Mejillones Penisula
(Fig. 12), beneath which a region of very low values are bounded by
higher values to the north, west and south. The ongoing extension
of the Mejillones Peninsula (Allmendinger and Gonzalez, 2010;
Victor et al., 2011) could thus be explained by its location, directly
to the east of the transition from high to low coupling.
There are several explanations for the periods of contempora-
neous acceleration in uplift rates and localized subsidence we
observe for theMejillones Peninsula. One is that this is the response
to normal faulting, in turn caused by extension, whereby isostatic
compensation of the downthrown blocks drives uplift of the foot-
walls and increases topographic relief. Underpinning the EW
extension of the peninsula in this scenario is the proximal anomaly
in the pattern of plate coupling, as described above. Another
mechanism that could contribute to periods of accelerated uplift of
the Mejillones Peninsula is an increase of subduction earthquake
activity, as exempliﬁed by the coseismic uplift of the Mejillones
peninsula in response to the 1995 Antofagasta Earthquake (see
Section 2.2.1.) and the uplift at Isla Santa María in south-central
Chile (37S) caused by the (Mw 8.8) 2010 Maule earthquake
(Melnick et al., 2012). This explanation of subduction zone earth-
quakes would also be linked to plate coupling. Furthermore, both
the above hypotheses are notmutually exclusive. Thoughwe record
localized uplift and subsidence across normal fault on the Penin-
sula, the elevated strandlines on both Pampas are evidence that net
uplift of the region exceeds local subsidence, despite the fact that
the Pampas lie on the downthrown hangingwall block of the
bounding faults. This regional uplift suggests another, probably
deeper seated process, e.g. rooted in the Nazca-South America plate
boundary (Melnick et al., 2012). Nonetheless, our ﬁndings of high
uplift rates where the plate coupling beneath the peninsula is low
and is bounded to the west by high plate coupling, support the idea
that the short-term, GPS derived, pattern of coupling is relevantover longer-term, topography-forming timescales. However, given
the variability in uplift rates we and others have measured over the
long-term, more detailed uplift chronologies for other sites are
needed to better deﬁne how plate coupling from modern day
measurements is related to the gross topographic form of the
northern Chilean coast.
6. Conclusions
Chronological constraints have been placed on the ages of ma-
rine terraces in the northern Mejillones Peninsula using cosmo-
genic 10Be exposure dating. When combined with fault mapping
and geomorphological observations it can be seen that the tectonic
history of the area includes periods of uplift, subsidence and block
formation that are indicative of crustal extension. Comparisons of
our data with published uplift rate data from other studies show
two distinct periods, where synchronous increases in uplift rates
occurred. We interpret the changes in uplift rates to be the result of
crustal extension, an increase of subduction earthquake activity or
a combination of both. The earlier period began at the latest be-
tween 400 ka to 480 ka ago, with a second period beginning
sometime after 200 ka ago, most likely ~40 ka ago. Rates of uplift of
parts of the northern Mejillones Peninsula are estimated to be
0.53 ± 0.18 m/ka since ~480 ka reaching 1.31 m/ka if the second
period of accelerated uplift we propose began 40 ka ago. These are
much greater rates than are typically reported for other north
Chilean coastal sites. The rapid uplift rates of the northern Mejil-
lones Peninsula coincide with the plate coupling anomaly observed
in short-term GPS data, bolstering notions that crustal displace-
ment measured over the short-term in the subduction zone may
relate to the gross topographic form of coastal northern Chile.
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